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This is a report at the conference Physics In Collision 2013. The experimental results on
physics of diboson production are reviewed. The measurements use pp collision at the
LHC with center-of-mass energy
√
s = 7 and 8 TeV, and pp¯ collision at the Tevatron with√
s = 1.96 TeV. These include measurements of Wγ, Zγ, WW, WZ and ZZ production.
The results are compared with Standard Model predictions, and are interpreted in terms
of constraints on charged and neutral anomalous triple gauge couplings.
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1. Introduction
The study of diboson production provides an important test of the Standard Model
(SM) of particle physics at TeV energy scale. Especially, it is sensitive to the self-
interactions among vector bosons via triple gauge couplings. Any significant de-
viation of the production cross section or kinematic distributions from the SM
predictions gives an indication of new physics. In addition, non-resonant diboson
production measurements are important to a precise estimation of irreducible back-
grounds for the Higgs study.
The experimental results reviewed here, use pp¯ collision at the Tevatron at a
center-of-mass energy
√
s = 1.96 TeV, with an integrated luminosity up to about
10fb−1, and pp collision at
√
s = 7 and 8 TeV at the LHC, with integrated lumi-
nosities up to about 5 fb−1 and 20 fb−1 respectively. Emphasis is placed on the
latest results released in the past year.
2. Cross Section Measurement
2.1. Wγ and Zγ
The Wγ and Zγ productions have been studied in Wγ → lνγ and Zγ → llγ
decay channels at
√
s = 7 TeV.1,2 In the Wγ measurement, events are selected
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by requiring an isolated electron or muon, and missing transverse energy, EmissT ,
from the undetected neutrino, in addition to an isolated photon. The dominant
background comes from W+jets, where a jet is misidentified as a photon. In the Zγ
measurement, events are selected by requiring a same flavor, opposite sign electron
or muon pair with an invariant mass close to the Z boson mass, in addition to an
isolated photon. The photon is required to be separated from the lepton to suppress
the contribution from final state radiation photons.
CMS has measured the cross sections for γ ET >15 GeV and mll > 50 GeV.
The measured Wγ cross section times W → lν branching ratio is 37.0±0.8 (stat.)±
4.0 (syst.)± 0.8 (lumi.)pb. The measured Zγ cross section times Z → ll branching
ratio is 5.33 ± 0.08 (stat.) ± 0.25 (syst.) ± 0.12 (lumi.)pb. The results are consis-
tent with the SM predictions. The differential cross sections measured by ATLAS,
comparing with theoretical predictions, are shown in Figure 1. In general, the NLO
parton-level MC, MCFM,3,4 agrees with the exclusive (Njet = 0) production cross
section measurements, while LO MC (ALPGEN5 or SHERPA6) with multiple par-
ton emission reproduce the γ ET spectrum.
The Zγ → ννγ decay channel has also been measured.1,7 The backgrounds are
jets misidentified as photons, and instrumental sources such as beam-gas interac-
tions. Very tight photon ET and E
miss
T cuts are applied to suppress such back-
grounds. Detector timing is also used to reduce instrumental backgrounds. Both
ATLAS and CMS results are in agreement with the SM predictions.
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Fig. 1. ATLAS measured γ ET differential cross sections of the lνγ process (left) and the llγ
process (right), in the inclusive and exclusive (Njet = 0) extended fiducial regions, at
√
s = 7 TeV
2.2. WW
The WW production cross section has been measured in the WW → lνl′ν′ final
state.8,9,10 Events are selected by requiring two opposite charged isolated leptons,
electron or muon, accompanied by significant EmissT . The Z+jets background in the
ee and µµ channels is suppressed by a cut on large EmissT and a Z veto. To minimise
the contribution from top-quark background, events containing jets are rejected (jet
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veto). This leads to a significant theoretical uncertainty in the jet veto efficiency.
The WW production cross sections measured by ATLAS and CMS at
√
s =
7 TeV are 51.9 ± 2.0 (stat.) ± 3.9 (syst.) ± 2.0 (lumi.)pb and 52.4 ± 2.0 (stat.) ±
4.5 (syst.) ± 1.2 (lumi.)pb respectively. The ATLAS measurement of differential
cross section as a fuction of the leading lepton pT is shown in Figure 2. CMS has
also performed a first measurement of WW production at
√
s = 8 TeV. The cross
sections is determined to be 69.9 ± 2.8 (stat.) ± 5.6 (syst.) ± 3.1 (lumi.)pb. These
measured cross sections are slightly higher than but still compatible with the SM
predictions. Systematic uncertainties dominate the total uncertainty.
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Fig. 2. ATLAS measured normalized differential WW fiducial cross section as a function of the
leading lepton pT compared to the SM prediciton.
2.3. WZ
The WZ production cross sections have been measured in the WZ → lν2l′ decay
channel.11,12,13 This final state has very low background after requiring exactly
three isolated leptons (electron or muon), a pair of which is of same-flavor and has
an invariant mass close to the mass of Z boson, in addition to significant EmissT from
W decay.
In ATLAS measurement at
√
s= 7 TeV, totally 317 candidates are observed with
a background expectation of 68 events. In the measurement at
√
s = 8 TeV, 1094
candidate events are observed in total, with a background expectation of 227 events.
The WZ cross sections are measured to be 19.0+1.4−1.3 (stat.)±0.9 (syst.)±0.4 (lumi.)pb
at
√
s = 7 TeV, and 20.3+0.8−0.7 (stat.)
+1.2
−1.1 (syst.)
+0.7
−0.6 (lumi.)pb at
√
s = 8 TeV, for
the Z boson mass in the range of 66 to 116 GeV.
CMS has measured the WZ production cross section for the Z boson mass be-
tween 71 to 111 GeV. The cross sections are determined to be 20.76±1.32 (stat.)±
1.13 (syst.)±0.46 (lumi.)pb at √s = 7 TeV, and 24.61±0.76 (stat.)±1.13 (syst.)±
1.08 (lumi.)pb at
√
s = 8 TeV. Since the LHC is a pp collider, the W+Z and
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W−Z cross sections are not equal. The ratios of production cross sections for W+Z
and W−Z have also been measured. They are 1.94± 0.25 (stat.)± 0.04 (syst.) and
1.81±0.12 (stat.)±0.03 (syst.) at √s = 7 TeV and 8 TeV respectively, in agreement
with the SM predictions.
The total production cross section of WV (WW+WZ) has also been studied in
the WV → lνqq final state at √s = 7 TeV.14,15 The resolution of reconstructed di-
jet mass is about 10 GeV, which cannot distinguish W from Z here. This channel has
higher branching ratio with respect to the fully leptonic decay mode, at the cost of
larger W/Z+jets background. Events are selected by requiring an isolated electron
or muon, EmissT and exactly two high-pT jets. Signal is extracted by fitting di-jet
mass distribution. ATLAS measures a cross section of 72± 9 (stat.)± 15 (syst.)±
13 (MC stat.)pb and CMS measures a cross section of 68.9±8.7 (stat.)±9.7 (syst.)±
1.5 (lumi.)pb. Both measurements agree with the SM predictions.
2.4. ZZ
The ZZ production cross sections have been measured using the high purity four-
lepton (ZZ → 2l2l′) decay channel.16,17,18,19. Even though the branching ratio to
four-lepton final state is small, this process is really clean, with negligible amount of
background. Events are selected by requiring two pairs of electrons or muons, with
opposite-charge and same-flavour. The invariant mass of each pair is compatible
with the Z boson mass. The challenge in the four-lepton analysis is the optimization
for lepton efficiencies, especially for low pT leptons. Some leptons might fall outside
the acceptance of the detector while some others may fail the criteria used to select
a lepton. With four chances to miss a lepton, even small inefficiencies will add up.
In ATLAS measurement at
√
s = 7 TeV, ZZ → 2l2ν decay mode has also
been measured, by applying a tight cut on a EmissT -related variable in order to
suppress the dominant Z+jets background. 2l2l′ and 2l2ν results are then combined,
assuming the SM branching ratios. The ZZ production cross section is determined
to be 6.7 ± 0.7 (stat.)+0.4−0.3 (syst.) ± 0.3 (lumi.)pb at
√
s = 7 TeV, where both Z
bosons in the mass range of 66 to 116 GeV. In the measurement at
√
s = 8 TeV,
only four-lepton channel is used. Totally 305 candidate events are observed with
a background expectation of 20.4. The SM expectation for the number of signal
event is 292.5. The ZZ production cross section at
√
s = 8 TeV is measured to be
7.1+0.5−0.4 (stat.)± 0.3 (syst.)± 0.2 (lumi.)pb.
The CMS ZZ → 2l2l′ measurements include ZZ → 2l2τ decay mode as well.
The measured cross sections are 6.24+0.86−0.80 (stat.)
+0.41
−0.32 (syst.) ± 0.14 (lumi.)pb at√
s = 7 TeV and 7.7+0.5−0.5 (stat.)
+0.5
−0.4 (syst.) ± 0.4 (theo.) ± 0.3 (lumi.)pb at
√
s =
8 TeV, for both Z bosons produced in the mass region of 60 to 120 GeV. Differential
cross sections are also measured (as shown in Figure 3) and well described by the
theoretical predictions.
CDF and DØ have measured ZZ cross section in pp¯ collision at
√
s = 1.96 TeV.20
CDF has studied ZZ production through 2l2l′ and 2l2ν final states, using a dataset
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Fig. 3. Differential cross section normalized to the fiducial cross section in the CMS ZZ → 2l2l′
measurement at
√
s = 8 TeV. The differential cross sections in bins of pT are presented for the
leading lepton (left) and the higher-pT Z (right).
corresponding to 9.7fb−1 integrated luminosity. The combined measured ZZ cross
section is 1.04+0.20−0.24 (stat.)
+0.15
−0.08 (syst.). DØ has measured the four-lepton channel,
and combined it with a previous study of 2l2ν channel, resulting a ZZ cross section
of 1.32+0.29−0.25 (stat.)± 0.12 (syst.)± 0.04 (lumi.) .
A summary of WW, WZ and ZZ production cross section measurements are
listed and compared with the relevant theoretical predictions in Table 1. The theo-
retical predictions are computed using MCFM to QCD NLO. Please note the theo-
retical predictions are different for same process measured by different experiments,
because the phase spaces are not exactly same defined.
3. Limits On Anomalous Triple Gauge Couplings
The SM describes exactly how vector bosons couple with each other, and diboson
productions are sensitive to these couplings. Even if new physics is at very high en-
ergy scale, beyond the reach of current colliders (which means direct pair production
of new particle is impossible ), it could still have indirect effect on triple gauge cou-
plings through virtual corrections. Anomalous triple gauge couplings (aTGC) could
be modeled by adding terms to the SM Lagrangian, using a set of parameters, listed
in Table 2. All these parameters are equal to zero in the SM. This is a common ap-
proach to parameterize low energy effects from high energy scale new physics, which
allows for experimental results to be interpreted as model independent constrains
on aTGC.
The presence of aTGC would increase diboson production cross sections, in
particular at high mass and high pT regions. Experimental measurements made by
the ATLAS, CMS, CDF and DØ collaborations have found no excess over the SM
predictions, leading to limits on charged and neutral aTGC, as shown in Figure 4
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and Figure 5 respectively, together with previous LEP results. For charged aTGC,
LEP results remain competitive while the sensitivity from LHC is approaching. For
neutral aTGC, LHC results dominate.
aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5
Feb 2013
γκ∆
γW -0.410 - 0.460 -14.6 fb
γW -0.380 - 0.290 -15.0 fb
WW -0.210 - 0.220 -14.9 fb
WV -0.110 - 0.140 -15.0 fb
D0 Combination -0.158 - 0.255 -18.6 fb
LEP Combination -0.099 - 0.066 -10.7 fb
γλ γW -0.065 - 0.061
-14.6 fb
γW -0.050 - 0.037 -15.0 fb
WW -0.048 - 0.048 -14.9 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb
ATLAS Limits
CMS Limits
D0 Limit
LEP Limit
aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5
Feb 2013
Zκ∆
WW -0.043 - 0.043 -14.6 fb
WV -0.043 - 0.033 -15.0 fb
LEP Combination -0.074 - 0.051 -10.7 fb
Zλ WW
-0.062 - 0.059 -14.6 fb
WW -0.048 - 0.048 -14.9 fb
WZ -0.046 - 0.047 -14.6 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb
1
Zg∆ WW -0.039 - 0.052 -14.6 fb
WW -0.095 - 0.095 -14.9 fb
WZ -0.057 - 0.093 -14.6 fb
D0 Combination -0.034 - 0.084 -18.6 fb
LEP Combination -0.054 - 0.021 -10.7 fb
ATLAS Limits
CMS Limits
D0 Limit
LEP Limit
Fig. 4. Limits at 95% C.L. on WWγ (top) and WWZ (bottom) aTGC.
4. First Studies On Quartic Gauge Couplings
CMS has studied the exclusive two-photon production of WW using 5.05 fb−1of
data at
√
s = 7 TeV.21 Events are selected by requiring a µ±e∓ vertex with no
associated charged tracks, and pT (µ
±e∓) > 30 GeV. Two events are observed in
the data, compared to a SM expectation of 2.2± 0.5 signal events with 0.84± 0.13
background. The significance of the signal is 1.1σ, with a 95% C.L. upper limit on
the SM cross section of 8.4 fb. DØ has studied the exclusive two-photon production
of WW in events with an electron, a positron and EmissT .
22 No excess above the
background expectation has been found.
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aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5
July 2013
-1x10
4
γf
ZZ -0.015 - 0.015 -14.6 fb
ZZ -0.004 - 0.004 -119.6 fb
4
Zf
ZZ -0.013 - 0.013 -14.6 fb
ZZ -0.004 - 0.004 -119.6 fb
5
γf
ZZ -0.016 - 0.015 -14.6 fb
ZZ -0.005 - 0.005 -119.6 fb
5
Zf
ZZ -0.013 - 0.013 -14.6 fb
ZZ -0.005 - 0.005 -119.6 fb
ATLAS Limits
CMS Limits
aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5
Feb 2013
-1x10
3
γh γZ -0.015 - 0.016
-14.6 fb
γZ -0.003 - 0.003 -15.0 fb
γZ -0.022 - 0.020 -15.1 fb
3
Zh γZ -0.013 - 0.014
-14.6 fb
γZ -0.003 - 0.003 -15.0 fb
γZ -0.020 - 0.021 -15.1 fb
x1004
γh
γZ -0.009 - 0.009 -14.6 fb
γZ -0.001 - 0.001 -15.0 fb
x1004
Zh γZ -0.009 - 0.009
-14.6 fb
γZ -0.001 - 0.001 -15.0 fb
ATLAS Limits
CMS Limits
CDF Limit
Fig. 5. Limits at 95% C.L. on ZγZ, ZZZ (top) and ZZγ, ZZγ (bottom) aTGC.
A study of the WVγ, three vector boson production, has also been performed
by CMS, using 19.3 fb−1 data from pp collision at
√
s = 8 TeV.23 The analysis
selects events containing a W boson decaying to electron or muon, a second V (W
or Z) boson decaying to two jets, and a photon. The number of observed events in
data is 322, while the estimated background yield is 341.5. This is consistent with
the SM predictions, and corresponds to an upper limit of 241 fb at 95% C.L. for
WVγ production with photon pT > 10 GeV.
The results of the above analyses are studied for deviations from the SM, and
used to constrain anomalous quartic gauge couplings (aQGC). The limits on WWγγ
aQGC set by these measurements, together with previous results from LEP, are
shown in Figure 6. CMS results have significantly surpassed limits from LEP and
DØ .
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July 2013
s Quartic Coupling limits @95% C.L.            Channel             Limits               L                   γγAnomalous WW
LEP L3 limits
D0 limits
 limitsγCMS WW
 WW limits → γγCMS 
-2
 TeV2Λ/W0a
-2
 TeV2Λ/WCa
-4
 TeV4Λ /T,0f
γWW     0.20 TeV-1[- 15000, 15000]   0.43fb
 WW→ γγ     1.96 TeV-1    [- 430, 430]       9.70fb
γWW     8.0   TeV-1      [- 21, 20]       19.30fb
 WW→ γγ     7.0   TeV-1[- 4, 4]           5.05fb
γWW     0.20 TeV-1[- 48000, 26000]   0.43fb
 WW→ γγ     1.96 TeV-1  [- 1500, 1500]     9.70fb
γWW     8.0   TeV-1      [- 34, 32]       19.30fb
 WW→γγ     7.0   TeV-1      [- 15, 15]         5.05fb
γWW     8.0   TeV-1      [- 25, 24]       19.30fb
Fig. 6. Limits at 95% C.L. on WWγγ aQGC.
5. Summary
Latest results of diboson production measurements by ATLAS, CMS, CDF and DØ
experiments are reviewed. The measured cross sections are typically consistent with
the SM predictions. The results are used to constrain new physics, by setting limits
on anomalous triple gauge couplings. First studies on quartic gauge couplings have
started as well.
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Table 1. Summary of diboson production cross section measurements.
Experiment
√
s Integrated luminosity Measured cross section Theoretical prediction
( TeV) (fb−1) (pb) (pb)
WW
ATLAS 7 4.6 51.9± 2.0 (stat.)± 3.9 (syst.)± 2.0 (lumi.) 44.7+2.1−1.9
CMS 7 4.9 52.4± 2.0 (stat.)± 4.5 (syst.)± 1.2 (lumi.) 47.0± 2.0
CMS 8 3.5 69.9± 2.8 (stat.)± 5.6 (syst.)± 3.1 (lumi.) 57.3+2.3−1.6
WZ
ATLAS 7 4.6 19.0+1.4−1.3 (stat.)± 0.9 (syst.)± 0.4 (lumi.) 17.6+1.1−1.0
ATLAS 8 13 20.3+0.8−0.7 (stat.)
+1.2
−1.1 (syst.)
+0.7
−0.6 (lumi.) 20.3± 0.8
CMS 7 4.9 20.76± 1.32 (stat.)± 1.13 (syst.)± 0.46 (lumi.) 17.8+0.7−0.5
CMS 8 19.6 24.61± 0.76 (stat.)± 1.13 (syst.)± 1.08 (lumi.) 21.91+1.17−0.88
WV (V= W or Z)
ATLAS 7 4.7 72± 9 (stat.)± 15 (syst.)± 13 (MC stat.) 63.4± 2.6
CMS 7 5 68.9± 8.7 (stat.)± 9.7 (syst.)± 1.5 (lumi.) 65.6± 2.2
ZZ
ATLAS 7 4.6 6.7± 0.7 (stat.)+0.4−0.3 (syst.)± 0.3 (lumi.) 5.89+0.22−0.18
ATLAS 8 20 7.1+0.5−0.4 (stat.)± 0.3 (syst.)± 0.2 (lumi.) 7.2+0.3−0.2
CMS 7 5.0 6.24+0.86−0.80 (stat.)
+0.41
−0.32 (syst.)± 0.14 (lumi.) 6.3± 0.4
CMS 8 19.6 7.7+0.5−0.5 (stat.)
+0.5
−0.4 (syst.)± 0.4 (theo.)± 0.3 (lumi.) 7.7± 0.6
CDF 1.96(pp¯) 9.7 1.04+0.20−0.24 (stat.)
+0.15
−0.08 (syst.) 1.4± 0.1
DØ 1.96(pp¯) 9.8 1.32+0.29−0.25 (stat.)± 0.12 (syst.)± 0.04 (lumi.) 1.43± 0.10
Table 2. Parameterization of aTGC.
Coupling Parameters Channels
WWγ ∆κγ , λγ WW, Wγ
WWZ ∆gZ1 ,∆κZ , λZ WW,WZ
ZZγ hZ3 , h
Z
4 Zγ
Zγγ hγ3 , h
γ
4 Zγ
ZZZ fZ4 , f
Z
5 ZZ
ZγZ fγ4 , f
γ
5 ZZ
